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Abstract 
Wetlands occupy 14% of the Canadian territory and mainly exist as bogs, fens, swamps, marshes, and shallow water. Recently, 
arctic and subarctic wetlands have attracted much attention due to their unique hydrological characteristics, and vulnerability to 
climate condition changes. To gain insight of the interactions between hydrology and atmosphere of the second largest wetland in 
Canada - the Hudson Bay Lowlands (HBL), extensive field investigations were conducted from 2006 to 2008 in the Deer River 
watershed near Churchill, Manitoba, Canada. Hydrologic and geographic conditions, such as frost table, soil moisture and 
temperature, and streamflow were monitored to advance the understanding of the wetland systems. Following up the field 
investigation, two semi-distributed hydrological models, Semi-distributed Land Use-based Runoff Processes (SLURP) and 
WATFLOOD, were employed to simulate the water cycle in the Deer River watershed. They were further compared from the 
aspects of modelling structures, formulations, parameters, and simulation results. Regardless the distinct simulation concepts (i.e., 
aggregated simulation area in SLURP and group response unit in WATFLOOD), the results indicated that snowmelt and peaks of 
spring runoffs simulated by SLURP were earlier than those simulated by WATFLOOD. This may be explained by the 
exponentially increasing snowmelt rate adopted by SLURP. Lack of considering the existence of permafrost and seasonal ponds 
in both models tended to underestimate the peaks of spring runoffs. It was also observed that the Morton CRAE method used in 
SLURP slightly underestimated the summertime evapotranspiration, meanwhile it was overestimated by the Hargreaves Equation 
employed in WATFLOOD. This study not only helped to fill the knowledge gaps in how well the two widely used models could 
fit the requirements of subarctic wetlands modelling, but also showed their strength and limitations as well as the potential for 
improvement. 
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1. Introduction 
Wetlands generally include bogs, fens, swamps, marshes, and shallow water where soil is saturated with moisture 
or inundated by surface or groundwater either permanently or seasonally [1]. Their considerable impacts on water 
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storage and distribution, water quality, carbon and nitrogen cycles, regional climate, and ecosystems have been 
noticed [2]. Canada has one-fourth of the world’s wetlands and has been divided into seven wetland regions, 
including arctic, subarctic, boreal, prairie, temperate, oceanic and mountain. Among them subarctic wetlands span 
almost one-sixth of the Canadian wetlands and have been recognized as an important ecotone between the arctic 
tundra and boreal forest. Recently, investigation and conservation of subarctic wetlands have been recognized as an 
attractive route because of their unique hydrological features and vulnerability to climate changes [3] [4]. Although 
the hydrology of subarctic wetlands is spatially and temporally complex on account of the shallow ponds and 
topographical attributes, understanding their hydrological characteristics is of major concern for the purposes of 
modelling and predicting how the water cycle may vary in the future [5, 6]. 
 
Hydrological models have been playing a significant role in discovering the distinguished attributes of subarctic 
wetlands. Semi-distributed Land Use-based Runoff Processes (SLURP) and WATFLOOD are two Canadian 
hydrological models that have been extensively used during the recent decades. The discussion on these two models 
and their performance in modelling different wetlands has been continuing in the literature. However, their 
application to Canadian subarctic wetland-dominated regions has been limited in the past. There are still knowledge 
gaps in understanding of feasibility and effectiveness of both SLURP and WATFLOOD in modelling water cycle of 
subarctic wetlands. In this study, both models were targeted and tested in a subarctic wetland - the Deer River 
watershed in northern Manitoba, Canada. These two models have not been applied in parallel to subarctic regions 
and their difference in simulating wetland hydrology is still unknown. This study attempts to help understand how 
the two hydrological models would fit the requirements of wetland simulation, and to explore the strength and 
shortcomings of both models in modelling subarctic wetlands. 
2. The Study Area and Field Investigation 
The Deer River watershed is located in north of the Hudson Bay Lowlands (HBL, 57o55’ N 94o46’ W) with a 
drainage areas of 5,048 km2 and elevation gradually descending from southwest to northeast (Figs. 1a and 1b). A 
representative sub-basin in the lower reach of the Deer River, the Chesnaye sub-basin, was selected for the extensive 
field investigation during 2006 and 2008 to benefit the comparative hydrological modelling at a micro-scale basin 
(Fig. 1c). A monitoring network of four stream gauging stations (5-7 and 10) and one automated weather station 
(Rail Spur) has been operated during 2006-2008 [7]. Frost table, surface soil moisture, and streamflow were 
measured or monitored at each station. Helicopter recons were also carried out on June and October 2007 to collect 
the information about vegetation coverage, topographic and hydrological conditions across the watershed and 
particularly in the upper reach of the river.  
 
Fig. 1. (a) Drainage map, (b) delineation of the Deer River watershed and the D. River N. Belcher stream gauging station, and (c) river network 
of the Chesnaye sub-basin by TOPAZ 
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3. The SLURP and WATFLOOD Hydrological Models 
The SLURP model is a semi-distributed, conceptually continuous hydrological model. It was originally 
developed for the meso- and macro-scale basins with intermediate complexity, which incorporates necessary 
physical processes without compromising the simplicity of calculation. WATFLOOD, as a physically based 
hydrological model, has been widely used to forecast flood events or simulate watersheds without sacrificing the 
distributed features and computational efficiency. As with most distributed hydrological models, WATFLOOD 
simulates both vertical and horizontal water distribution in the natural environment. 
4. Results and Discussion 
4.1. Modelling structure 
One of the fundamental differences between SLURP and WATFLOOD is the modelling structure. Generally, 
hydrological models can be categorized into two major groups - hydrologic response unit (HRU) and group response 
unit (GRU), based on their approaches of segmenting the target basin. 
 
The HRU approach derives the segments from homogeneity of physiographic and geographic parameters. 
SLURP adopts this concept and delineates a watershed into multiple ASAs by adopting the D8 flow algorithm 
which routes each DEM grid to its steepest neighbour grid and combines connected grids as an ASA. A notable 
advantage of this ASA concept is that its outputs are available in raster format and are able to be compared with 
satellite based models. SLURP is capable of recalculating downstream flow values based on transient internal 
system diversion. However, watershed delineation may not be accurate under some topographical conditions, such 
as board plains where elevation hardly varies. Moreover, it might become difficult when applied to macro-scale 
basins where large amount of segmentation could occur in heterogeneous basins. 
 
Contrastingly, the GRU approach subdivides segments according to the similarity of hydrological responses. 
WATFLOOD evenly and symmetrically divides a basin into multiple GRUs. Each GRU has identical DEM grids 
and various land covers with determined ratios. Flow directions among GRUs are determined by the D8 algorithm. 
A prominent advantage of this GRU concept is that it is able to use radar meteorological data which is more accurate 
and reliable than distributing point data from weather stations. It can incorporate necessary hydrological features 
without compromising the simplicity of computation and introducing any uncertainties caused by watershed 
delineation. Additionally, increasing the size of GRUs can remarkably reduce computation and input 
parameterization effort. However, an inherent weakness of this concept is that heterogeneity may be lost and only 
land covers differentiation within one grid could be derived. Moreover, flow direction determination of each GRU 
may also be inaccurate if its size is too large. 
4.2. Interception and surface storage 
SLURP calculates interception with leaf area index (LAI) which represents how flourish the vegetation is. 
Contrastingly, WATFLOOD combines the evaporation during the rainfall with actual canopy storage to obtain more 
accurate interception estimation. As compared to being considered as portion of the subsurface storage in SLURP, 
surface storage is simulated as depression storage on the ground surface, such as ponds and lakes in WATFLOOD. 
It plays a significant role in affecting water distribution because ponds and lakes act as buffers which prolong the 
concentration time. However, it may not be effective in simulating the large number of ponds that stretches over the 
watershed and connects or disconnects seasonally. 
4.3. Snowmelt process 
Both SLURP and WATFLOOD use the degree-day method to simulate the snowmelt process. However, SLURP 
employs an exponentially increasing snowmelt rate whereas this factor is set to constant in WATFLOOD. This 
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difference, if under the same circumstances of time and temperature, may cause snowmelt to be accelerated in 
SLURP but delayed in WATFLOOD. Fig. 2 demonstrates this by taking examples from the Deer River N. Belcher 
stream gauging station (Fig. 1b) in 1992. Peaks of simulated spring runoffs simulated by WATFLOOD were greater 
and later than both history records and those simulated by SLURP. This deviation may also be attributed to 
deviations in meteorological data which was obtained from the weather station at the town of Churchill and about 70 
km north to the watershed. 
 
Fig. 2. Simulated and observed daily hydrographs at the D. River N. Belcher stream gauging station in 1992 
4.4. Evapotranspiration 
The Morton CRAE method was selected to estimate the actual evapotranspiration for SLURP; meanwhile, the 
Hargreaves Equation was used for WATFLOOD because hourly net radiation data was not available. The Morton 
CRAE method, as a modification of the Penman Equation, computes the potential evapotranspiration by replacing 
the wind function with a vapour transfer coefficient in order to solve the energy balance and aerodynamic equations. 
This method is advantageous because it contains most of the significant parameters which are used in the Priestley-
Taylor and the Penman Equations. However, more complex calculations may result in more random errors. 
Contrastingly, the Hargreaves Equation estimates evapotranspiration from the relative location on the earth. Wind 
speed, vapour pressure and other regular parameters used in evapotranspiration computation are not included which 
defines this method as an empirically lumped estimation. Nonetheless, its accuracy might be acceptable because it 
simplifies complicated climatic processes and avoids some random errors. 
 
Fig. 3 shows the monthly cumulative evapotranspiration calculated by SLURP and WATFLOOD at D. River N. 
Belcher from 1978 to 2004. Summertime evapotranspiration estimated by Hargreaves Equation was dramatically 
higher than that computed by the Morton CRAE method. Take August 1995 as an example, the values of monthly 
cumulative evapotranspiration were 128 and 51 mm for WATFLOOD and SLURP, respectively. This finding could 
also be validated by the results from modelling the Chesnaye Sub-basin. Evapotranspiration in the summer of 2006 
was overestimated and underestimated by WATFLOOD and SLURP, respectively (Figs. 4a and 4b). Same 
evidences can also be observed from Figs. 4(c) and 4(d) that increased evapotranspiration resulted in lower 
streamflow. To quantitatively assess the performance of these two methods, summertime evapotranspiration was 
computed by the FAO-56 Penman-Monteith Equation as a reference (Figs. 4b and 4d). The better agreement 
between the results from the FAO-56 Penman-Monteith Equation and SLURP may be explained that the Morton 
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CRAE model is a modification to the Penman Equation. These two methods seemed to be more accurate in this case 
study than the Hargreaves Equation in which net radiation was not considered. 
 
Figu. 3. Monthly simulated evapotranspiration at the D. River N. Belcher stream gauging station from 1988 to 2004 
 
 
Fig. 4. (a) Simulated and observed daily hydrographs (b) daily evapotranspiration for Station 5 in 2006; (c) simulated and observed daily 
hydrographs and (d) daily evapotranspiration for Station 7 in 2007 
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4.5. Modelling outputs 
The results from SLURP and WATFLOOD indicated that most summer rainfall events were not able to generate 
much runoff, which may be attributed to canopy interception, depression storage, soil layer porosity, permafrost 
table and evapotranspiration. These combined factors resulted in the fact that only heavy or continuous rainfall 
events were able to generate notable runoff. Contrastingly, rainfall events that occurred in the fall generated more 
runoff because of the lower temperature and less net radiation, indicating the process of evapotranspiration has the 
greatest influence on runoff generation. 
 
The results from SLURP indicated a time lag of 2-8 days between peaks of rainfall and runoff in the summer and 
fall. As shown in Fig. 5, a short-duration (30 hours) and high-intensity (59 mm in total) rainfall event occurred 
during October 12 and 13, 1997. Both simulated and observed flow peaks appeared on October 14 with a 2-day lag. 
The same delay was also observed in WATFLOOD. This delay may be due to soil properties, land slope, infiltration 
process, and buffering capacity of wetland water storage. A high-intensity rainfall event brought plenty of water to 
the wetland in a short period. After the surface soil layer was saturated, excess water generated flashy runoff, 
resulting in steeper runoff response. On the other hand, if rainfall events were concentrated but moderate, infiltration 
dominated water distribution and allowed water to penetrate into deep soil layers from which water could be 
gradually routed to the streams as groundwater flow. Therefore, the discharge response was prolonged and much 
gentler. Moreover, numerous ponds stretching over the watershed behaved as buffers and extend the concentration 
time. This is one of the reasons why simulated flow peaks were usually earlier than the observed ones. Neither 
SLURP nor WATFLOOD takes such effects into consideration and further modifications are expected to improve 
their performance. 
 
Fig. 5. Response of daily discharge to precipitation at the D. River N. Belcher stream gauging station by SLURP 
5. Conclusions 
To fill the knowledge gaps in understanding the feasibility and effectiveness of modelling subarctic wetlands, 
two hydrological models - SLURP and WATFLOOD, were applied to simulate the hydrological processes of the 
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Deer River watershed, representing a typical subarctic wetland system in the Hudson Bay Lowlands. They were 
further compared from the aspects of modelling structures, formulations, and parameters, as well as simulation 
performance in order to evaluate their feasibility and effectiveness in modelling subarctic wetlands. In terms of 
modelling structure, SLURP is based on daily runoff calculation and the HRU watershed subdividing concept, 
whereas WATFLOOD has a more precise calculation of water discharge at hourly interval and adopts the GRU 
approach. In comparison with WATFLOOD which considers interception process as a combination of interception 
evapotranspiration and maximum canopy storage, SLURP calculates interception from an empirical equation based 
on LAI. The degree-day snowmelt method is embedded in both models except that SLURP uses a date-varying 
snowmelt rate, which may cause snowmelt to be accelerated. The modelling results showed that the Morton CRAE 
method and the Hargreaves Equation in WATFLOOD underestimated and overestimated the summertime 
evapotranspiration, respectively. It also indicated that the lack of considering the existence of permafrost and ponds 
in both models appeared to be one of the main reasons for modelling inaccuracy. Modifications are required for both 
models to improve their performance in simulating subarctic wetlands. The findings of this study will be also helpful 
in understanding the hydrologic features of subarctic wetlands and supporting wetland conservation under climatic 
changing context. 
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